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Abstract
Models with an orbifolded universal extra dimension receive important loop-induced
corrections to the masses and couplings of Kaluza-Klein (KK) particles. The domi-
nant contributions stem from so-called boundary terms which violate KK number.
Previously, only the parts of these boundary terms proportional to ln(ΛR) have been
computed, where R is the radius of the extra dimension and Λ is cut-off scale. How-
ever, for typical values of ΛR ∼ 10 · · · 50, the logarithms are not particularly large
and non-logarithmic contributions may be numerically important. In this paper, these
remaining finite terms are computed and their phenomenological impact is discussed.
It is shown that the finite terms have a significant impact on the KK mass spectrum.
Furthermore, one finds new KK-number violating interactions that do not depend on
ln(ΛR) but nevertheless are non-zero. These lead to new production and decay chan-
nels for level-2 KK particles at colliders.
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1 Introduction
Universal extra dimensions is an attractive concept for physics beyond the Standard Model
(SM), which introduces one or several space-like extra dimensions that are constrained to a
compact volume with periodic boundary conditions. All fields of the theory can propagate
in the extra dimension(s), and upon compactification they can be decomposed into a tower
of Kaluza-Klein (KK) excitations with increasing mass. In this article, we focus on the
minimal universal extra dimension model (MUED), which introduces one extra dimension
compactified on a circle with radius R but assumes that there are no additional operators
generated by the UV completion.
An important feature of universal extra dimensions is the existence of KK parity, which
is a remnant of the extra-dimensional Lorentz symmetry. It helps to satisfy constraints from
electroweak precision data and other low-energy measurements [1] and leads to the existence
of a dark matter candidate, the lightest level-1 KK particle [2–4].
Similarly, KK parity forbids the single production of level-1 KK excitation at colliders
and their decay into SM particles. Instead, they can be produced in pairs and lead to
characteristic missing-momentum signatures from stable dark matter particles escaping the
detector [5–8]. These signatures are reminiscent of supersymmetry (SUSY), so that SUSY-
like analysis techniques can be used to search for MUED at the LHC. From existing LHC
data, a limit of R−1 & 1.4 TeV has been derived [9]. On the other hand, level-2 KK
excitations can be singly produced through loop-induced vertices [10] and decay back into
pairs of SM particles. These vertices violate KK number, but conserve KK parity. As a
result, level-2 particles can be searched for as narrow resonances at colliders [11].
At tree-level, the compactification of the extra dimension(s) generates almost identical
masses for all particles of the same KK level, up to relatively small effects from electroweak
symmetry breaking (EWSB). However, loop effects lead to mass corrections [12] that produce
a mildly hierarchical particle spectrum at each KK level [10]. Thus these corrections are
very important for understanding the collider and dark matter phenomenology of MUED.
However, in existing calculations [10,12], only the corrections proportional to ln(Λ/mn) have
been computed, where mn is the tree-level mass of KK level n and Λ is a cut-off scale. The
appearance of Λ follows from the fact that the mass corrections are divergent and must
be renormalized. To avoid the regime where the model becomes strongly interacting, it is
usually assumed that Λ < 50R−1 [1, 13]. Therefore, one obtains the bound ln(Λ/mn) < 4,
so that the logarithms are not parametrically large and non-logarithmic contributions may
be numerically important.
The goal of this article is to compute these finite, non-logarithmic terms and study their
phenomenological impact. Even relatively small corrections could have an impact on the
KK mass hierarchy and open or close the phase space for certain decay channels. There
is some level of ambiguity in the definition of the non-logarithmic part due to the need
for renormalizing the divergences in the mass corrections. In this work, the MS scheme is
chosen as a well-defined prescription for this purpose. It corresponds to the assumption that
no Lorentz-symmetry breaking mass terms are generated by the unspecified UV dynamics
at the scale µ = Λ, i.e., there are no boundary localized terms at µ = Λ.
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In the same vein, for the loop-induced couplings between level-2 KK excitations and SM
(level-0) particles, only terms proportional to ln(ΛR) have been known so far [4,10]. By also
including the non-logarithmic contributions, the effective strength of these couplings can get
modified significantly. More importantly, one can identify new loop-induced couplings that
are independent of ln(ΛR) but non-zero. These lead to new production and decay channels
for various level-2 KK particles, as will be discussed below.
The paper is organized as follows: After a brief review of MUED and the required notation
in section 2, the calculation of the KK mass corrections and the KK-number violating vertices
is discussed in sections 3 and 4, respectively. In section 5, numerical results for the new
corrections are shown and their phenomenological impact for KK particle production and
decay is discussed. Our conclusions are presented in section 6. The appendix contains
detailed formulae for the tree-level interactions of the KK particles, which are used as an
input to our calculations, and an explicit list of the KK-number violating interactions for
the different fields in MUED.
2 Brief Review of MUED
The Universal Extra Dimension scenario [1] postulates an extension of the SM, where all fields
are permitted to propagate in some number of compact flat space-like extra dimensions. For a
review, see e. g. Ref. [14]. The minimal model has one extra dimension, which is compactified
on a circle S1 with radius R. For energies not too far above R−1, this model can be described
by a four-dimensional (4D) theory where each field has a Kaluza-Klein tower with masses
mn = n/R. Here n is called Kaluza-Klein (KK) number and is a conserved quantum number.
The zero modes (n = 0) are identified with the SM particles.
However, to accommodate chiral fermion zero modes, an additional breaking of the 5D
Lorentz invariance is necessary. The minimal choice for this purpose is the introduction
of orbifold boundary conditions. Specifically, the Lagrangian of the theory is required to
be invariant under the Z2 transformation x5 → −x5, where the index 5 denotes the extra
dimension. Left- and right-handed fermion components can be even or odd under this
transformation, but only Z2-even fields have a zero mode. The field content of the 5D SM
extension is summarized in Tab. 1.
The orbifolding leads to a breaking of KK number through loop-induced boundary terms
at the fixed points x5 = 0, piR [12]. Nevertheless, a subgroup called KK parity, which
corresponds to even/odd KK numbers, is still conserved.
Since extra dimension theories are non-renormalizable, there can be additional operators
generated at a cut-off scale Λ. These are typically small, since the cut-off scale is estimated to
be Λ ∼ few×10R−1 [1,13]. However, in general, the list of UV-induced operators could also
include boundary-localized KK-number violating interactions, and since they compete with
loop-induced boundary terms, they can be phenomenologically relevant [15]. In the MUED
scenario it is assumed that KK number is approximately conserved by the UV theory, so
that the UV boundary terms are negligible.
From the usual SM interactions, one can construct the MUED Lagrangian and Feynman
rules, see e. g. Refs, [14,16,17]. For practical calculations, one also needs to introduce gauge-
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Field SU(3)C SU(2)L U(1)Y Z2
GM ≡ (Gµ, G5) adj. – – (+,−)
WM ≡ (W µ,W 5) – adj. – (+,−)
BM ≡ (Bµ, B5) – – adj. (+,−)
(QL, QR) 3 2 −1/6 (+,−)
(uL, uR) 3 – +2/3 (−,+)
(dL, dR) 3 – −1/3 (−,+)
(LL, LR) – 2 −1/2 (+,−)
(eL, eR) – – −1 (−,+)
H – 2 +1/2 +
Table 1: Field content of the minimal universal extra dimension (MUED) model and
their gauge and Z2 quantum numbers. The Latin index M indicates a 5D Lorentz index,
M = 0, 1, 2, 3; 5.
fixing and ghost terms for the 5D gauge fields V M (V = G,W,B). In this work, a covariant
gauge fixing is employed, which has the form
Lgf = 1
2
∫ piR
−piR
dx5
[
− 1
2ξ
(
∂µV aµ − ξ ∂5V a5
)2]
, (1)
Lghost = 1
2
∫ piR
−piR
dx5
[
c¯a
(−∂µ∂µ + ξ ∂25)ca + g(5)fabc(−∂µc¯aGcµcb + ξ ∂5c¯aGc5cb)] . (2)
where ca and c¯a are 5D ghost and anti-ghost fields, respectively, a, b, c are adjoint gauge
indices, fabc is the non-Abelian structure constant, and g(5) denotes the 5D gauge coupling.
For simplicity, the choice ξ ≡ 1 for the gauge parameter is used throughout this paper.
A summary of the relevant 4D Lagrangian terms for the work presented here is given in
Appendix A.
3 Mass corrections
The KK modes of fields propagating in a compactified extra dimension receive loop-
induced corrections to the basic geometric mass relation mn = n/R. These corrections stem
from contributions where the loop propagators wrap around the extra dimension. They can
be separated into two categories: bulk and boundary mass corrections [10, 12].
While the bulk corrections are present in extra-dimensional models with and without
orbifolding, and they lead to mass terms that are independent of x5 and conserve KK number,
the boundary terms are a consequence of the orbifolding condition, and they lead to mass
terms that are localized in the extra dimension. For example, for a scalar field, the boundary
mass correction has the form
L ⊃ piR
2
[
δ(x5) + δ(x5 + piR)
]
Φ†∂25Φ . (3)
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Figure 1: Generic Feynman diagrams for the one-loop contributions to the self-energies
of KK vector bosons. Here wavy, dashed, dotted and solid lines indicate the KK modes of
vector bosons, scalars, ghosts and fermions, respectively. V5 denotes the scalar degree of
freedom from the fifth component of a 5D gauge field, whereas H stands for the contribution
from a genuine 5D scalar field.
These boundary terms break KK number.
Both the bulk and boundary corrections are induced first at one-loop order. Whereas
the bulk corrections are UV finite, the boundary contributions are UV divergent and must
be renormalized. We employ MS renormalization for this purpose, with the MS scale set to
the cut-off scale Λ.
3.1 Approach
To compute the mass corrections we choose to work in the effective 4D theory. Every self-
energy diagram contributing to the corrections of a given mode contains the infinite tower
of increasingly heavy KK-modes running in the loop and needs to be treated in a manner
similar to the one described in Ref. [10]. We will begin by describing the general procedure
employed on the example of diagram (A) in Fig. 1.
For a vector boson the self-energy can be decomposed into covariants according to
Πabµν(p
2) = −
[
gµν
(
p2Π
(1)
T (p
2) +M2nΠ
(2)
T (p
2)
)
− pµpνΠ2(p2)
]
δab , (4)
where additionally to the usual transverse part Π
(1)
T a second contribution Π
(2)
T emerges as
a proportionality constant to the fifth momentum component. The mass correction is then
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defined as
δM2Vn = −M2n <e
{
Π
(1)
T (M
2
n) + Π
(2)
T (M
2
n)
}
. (5)
Both the self-energy and the resulting mass correction are dependent on an infinite sum
over all heavy modes running in the loop, which in turn is divergent. To find a sensible
regularization scheme we first make use of the Poisson summation identity
∞∑
n=−∞
f(n) =
∞∑
k=−∞
F {f} (k) (6)
where the Fourier transform F is defined as
F {f} (k) =
∫ ∞
−∞
dx e−2piikxf(x). (7)
By applying the identity to the divergent mass correction, the sum over KK-numbers is
transformed into a sum of winding numbers in position space about the fifth dimension.
The most straightforward way to define a physical observable is to subtract the (formally
infinite) contribution of the zero winding number from the sum, since it is equivalent to the
diagram in the 5D uncompactified theory.
For our example we restrict ourselves to the mass correction of the first vector mode;
all higher modes can be found by rescaling the mode number. The example diagram then
amounts to a mass correction described by
δM2V1 =
g2
32pi2
CA
34− 41d+ 11d2
(d− 3)(d− 1) A0(M
2)
+
g2
32pi2(d− 1) CA
∞∑
n=1
{
[n(3− 2d) + d− 1] A0(n2M2)
− [(n+ 1)(3− 2d)− d+ 1] A0
(
(n+ 1)2M2
)
+M2(d− 1)(5 + 2n+ 2n2)B0
(
M2, n2M2, (n+ 1)2M2
)}
, (8)
where d = 4− 2 is the number of space-time dimensions in dimensional regularization, and
the term outside the sum stems from the diagram with a zero mode (massless SM vector
boson) in the loop.
The explicit form of the A0 and B0 functions appearing in the equation are well-known
and can be written as
A0(M
2) = M2
(
1

+ 1− ln M
2
µ2
)
, (9)
B0
(
M2, (n+ 1)2M2, n2M2
)
=
1

+ 2− ln M
2
µ2
+ 2 [n log (n)− (n+ 1) log (n+ 1)] . (10)
Splitting up the first term in order to extend the sum to include n = 0 and taking the the
limit d→ 4 yields
δM2V1 =
23g2
96pi2
CAM
2
(
112
69
+ ln
Λ2
M2
)
+
g2
8pi2
CA
∞∑
n=0
n2 lnn (11)
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where any polynomial terms under the sum have been dropped since their Fourier transform
only amounts to derivatives of delta functions. Note that we assumed the existence of a MS
UV-counterterm at the cut-off scale µ = Λ to cancel the divergence in the remainder.
The remaining sum is now treated as outlined above, starting from the Fourier transform∫ ∞
−∞
dx |x|2 ln |x| e2piikx = 1
4pi2|k|3 +
γE
4pi2
δ(2)(k) , (12)
where δ(n) denotes the n-th distribution derivative of the Dirac δ-function.
Dropping the zero winding number (k=0) piece, we can identify the finite rest in terms
of the Riemann ζ-function
∞∑
n=0
|n|2 ln |n| = 1
8pi2
∞∑
k=−∞
(
1
|k|3 + γE δ
(2)(k)
)
∼ ζ (3)
4pi2
. (13)
The finite contribution to the mass correction stemming from diagram (A) then is given by
δM2Vn =
g2M2n
32pi2
CA
(
23
3
Ln +
112
9
+
ζ (3)
pi2
)
, (14)
where Ln = ln(Λ
2/m2n). The last term in parenthesis, proportional to ζ(3), can be identified
as a contribution to the bulk mass correction [10], so that the remaining two terms belong
to the boundary mass correction. In a similar fashion, the contribution from other diagrams
in Fig. 1 to the boundary corrections can be singled out.
Analogously we decompose the fermion self-energies displayed in Fig. 3 according to
Σijf (p
2) =
[
pP+ΣR(p
2) + pP−(p
2)ΣL(p
2) +MnΣS(p
2)
]
δij, (15)
with fundamental SU(N) indices i, j, and P± ≡ (1± γ5)/2. The fermion mass correction is
then given by
δMfn =
Mn
2
<e{ΣR(M2n) + ΣL(M2n) + 2ΣS(M2n)} , (16)
and similarly for the scalars in Fig. 2. In all cases, the relevant diagrams have been generated
with the help of FeynArts 3 [18].
It is interesting to note that the boundary mass corrections can also be obtained by
computing KK-number violating self-energy corrections. In this case, the bulk contribution
is absent, and only one KK level contributes in the loop.
For instance, for the case of a vector boson, the KK-number violating Vn–Vn′ self-energy
(with n′ = n± 2) can be written as [10]
Πabµν = −
[
gµνp
2Π
(1)
T (p
2) + gµν
1
2
(n2 + n′2)Π(2)T (p
2)− pµpνΠ2(p2)
]
, (17)
as a consequence of the 5D Lorentz symmetry. Thus from this self-energy one can extract
Π
(1)
T and Π
(2)
T and then compute the KK-number conserving mass correction from (5).
We have explicitly checked that both approaches lead to the same results for the boundary
mass corrections.
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Figure 2: Generic Feynman diagrams for the one-loop contributions to the self-energies of
KK scalars. See caption of Fig. 1 for further explanations.
Figure 3: Generic Feynman diagrams for the one-loop contributions to the self-energy of
KK fermions. See caption of Fig. 1 for further explanations.
3.2 Results
In the following, results for the KK-mode mass corrections induced by boundary terms are
presented for a general theory with an unspecified non-Abelian gauge interaction. The one-
loop diagrams contributing to the masses of KK gauge bosons, KK scalars and KK fermions
are shown in Figs. 1, 2, and 3, respectively.
The mass corrections obtained with the methods described in the previous section read
as follows. As before, we use the abbreviation Ln ≡ ln(Λ2/m2n).
δ¯m2Vn = m
2
n
g2
32pi2
[
C(G)
(
23
3
Ln +
154
9
)
−
∑
i∈scalars
(−1)PiT (ri)
(
1
3
Ln − 4
9
)]
, (18)
δ¯m2S+n = m
2 +m2n
1
32pi2
[
C(r)g2(6Ln + 16)−
∑
i∈scalars
(−1)Piλi(Ln + 1)
]
, (19)
δ¯mfn = mn
1
64pi2
[
C(r)g2
(
9Ln + 16
)
−
∑
i∈scalars
(−1)Pih2i (Ln + 2)
]
. (20)
Here mVn denotes the mass of the n-th KK excitations of a generic gauge boson, where C(G)
is the quadratic Casimir invariants of the adjoint representation. Similarly, mfn and mS+n are
the masses of a KK-fermion and Z2-even KK-scalar, respectively, in the representation r with
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quadratic Casimir C(r). In a SU(N) theory one has C(G) = N and C(r) = (N2−1)/(2N) for
the fundamental representation. The sums run over the different scalar fields in the theory,
with Z2-parity Pi, Dynkin index T (ri), Yukawa coupling hi, and scalar 4-point coupling λi∗.
Note that the two components of a complex scalar field need to be counted separately in the
sum. As already pointed out in Ref. [10], fermion loops do not contribute to the self-energy
boundary terms of gauge bosons and scalars, due to a cancellation between Z2-even and -odd
fermion components.
A Z2-even scalar can also receive power-divergent contributions, which can be written as
a boundary mass term [10]
L ⊃ −piR
2
[
δ(x5) + δ(x5 + piR)
]
m2Φ†Φ . (21)
This term produces a mass correction of m2 for the zero mode, while the higher KK masses
are shifted by 2m2. Thus, relative to the zero mode, the masses of the KK excitations
receive a correction of m2, see eq. (19). While naive dimensional analysis would suggest that
m2 ∼ O(Λ2), this is not consistent with the presence of a light scalar in the spectrum, as is
the case in the SM. Instead, to generate the SM as a low-energy effective theory, one has to
assume that m2 is tuned to m2  R−2.
The logarithmic parts ∝ Ln in eqs. (18)–(20) can be compared to Ref. [10], but we find
some discrepancies: The one-loop scalar mass corrections should be proportional to C(r),
instead of T (r) in Ref. [10], and the fermion mass contribution from Yukawa couplings is
a factor 3 smaller than reported there†. As evident from the equations above, the non-
logarithmic terms are smaller than the terms proportional to Ln ∼ 4 · · · 8 (for n ∼ O(1)) by
at most a factor of a few. Thus their contribution is phenomenologically important.
The KK mass corrections in MUED can be determined by simply substituting the ap-
propriate SM coupling constants and group theory factors in the formulae above. For the
gauge bosons this leads to
δ¯m2Gn = m
2
n
g23
32pi2
(
23Ln +
154
3
)
, (22)
δ¯m2Wn = m
2
n
g22
32pi2
(
15Ln +
104
3
)
, (23)
δ¯m2Bn = m
2
n
g21
16pi2
(
−1
6
Ln +
2
9
)
, (24)
while for the fermions one obtains
δ¯mQn = mn
1
16pi2
[
g23
(
3Ln +
16
3
)
+ g22
(
27
16
Ln + 3
)
+ g21
(
1
16
Ln +
1
9
)]
, (25)
δ¯mQ3n = mn
1
16pi2
[
g23
(
3Ln +
16
3
)
+ g22
(
27
16
Ln + 3
)
+ g21
(
1
16
Ln +
1
9
)
− h2t
(
1
4
Ln +
1
2
)]
,
(26)
∗The convention for the normalization of these couplings is the same as in appendix A.
†Specifically, the b1 terms in line (b) of Tab. III in Ref. [10] should have opposite signs.
8
δ¯mun = mn
1
16pi2
[
g23
(
3Ln +
16
3
)
+ g21
(
Ln +
16
9
)]
, (27)
δ¯mtn = mn
1
16pi2
[
g23
(
3Ln +
16
3
)
+ g21
(
Ln +
16
9
)
− h2t
(
1
2
Ln + 1
)]
, (28)
δ¯mdn = mn
1
16pi2
[
g23
(
3Ln +
16
3
)
+ g21
(
1
4
Ln +
4
9
)]
, (29)
δ¯mLn = mn
1
16pi2
[
g22
(
27
16
Ln + 3
)
+ g21
(
9
16
Ln + 1
)]
, (30)
δ¯men = mn
1
16pi2
g21
(
9
4
Ln + 4
)
, (31)
where Q3n and tn denote the third generations of the KK excitations of the left-handed and
right-handed up-type quark fields, respectively. Finally, the mass correction to the KK Higgs
boson reads
δ¯m2Hn = m
2
H +m
2
n
1
16pi2
[
g22
(
9
4
Ln + 6
)
+ g21
(
3
4
Ln + 2
)
− λH(Ln + 1)
]
. (32)
In the above expressions, g1,2,3 are the couplings of the SM U(1)Y, SU(2)L and SU(3)C gauge
groups, respectively, while ht is the top Yukawa coupling and λH the Higgs self-coupling.
The numerical impact of these corrections will be discussed in section 5.
4 KK-number violating interactions
As is well-known, the Lorentz symmetry breaking from orbifolding leads to loop-induced
boundary-localized interactions which can break KK number [10]. From a phenomenolog-
ical point of view, 2–0–0 interactions between a level-2 KK mode and two zero modes are
particularly interesting, since they can mediate single production and decay of a level-2 KK
particle at colliders.
The logarithmically enhanced contributions, ∝ ln(ΛR), to these vertices have been con-
sidered in Refs. [4, 10]. Here, the non-logarithmic contributions are also computed, which
are important for two reasons. On one hand, they can be numerically of similar order as
the ln(ΛR) term and thus lead to sizable corrections of the known KK-number violating
couplings. On the other hand, there are additional vertices that are UV-finite but non-zero.
Since these do not contain any ln(ΛR) terms, they have not been considered before, but they
can lead to phenomenologically relevant new production and decay channels.
4.1 Approach
The calculation of the KK-number violating couplings can be relatively easily performed
by directly computing the X2–Y0–Z0 vertices in the 4D compactified theory. Here X, Y
and Z stand for any MUED fields. Since all leading-order vertices in MUED do conserve
KK-number, one needs to consider only level-1 KK modes inside the loop.
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As before, the authors have used FeynArts 3 [18] for the amplitude generation, and
FeynCalc [19] was employed for part of the Dirac and Lorentz algebra manipulations.
Similar to the mass corrections discussed above, UV divergences have been renormalized in
the MS scheme with the scale choice µ = Λ.
Throughout this chapter, unless mentioned otherwise, contributions from electroweak
symmetry breaking (EWSB) have been neglected, since these are suppressed by powers of
vR. In particular, mixing between the KK-Z boson and KK photon or between the KK-top
doublet and singlet has not been included for the particles running inside the loops.
4.2 Results
Let us begin by writing the results for a generic theory with arbitrary non-Abelian gauge
group and an arbitrary number of fermionic and scalar matter fields. Detailed expressions
for the specific field content and interactions of MUED are listed in Appendix B.
ψ¯0–ψ0–V
µ
2 coupling: This vertex can be written in the form
−iCψ0ψ0V2γµT aP± . (33)
Here P± are right-/left-handed projectors and T a are the generators of the gauge group. For
a U(1) group (such as U(1)Y), T
a is simply replaced by the charge (hypercharge Y ). The
coefficient Cψ0ψ0V2 receives contributions from the vertex and self-energy corrections shown
in Fig. 4 and reads
Cψ0ψ0V2 =
√
2g
64pi2
[
g2C(G)V
(
23
3
L1 +
157
9
− 2pi2
)
+
∑
k
g2k C(rψ)k
(
−9L1 − 13 + 7pi
2
4
)
+ g2
∑
i∈scalars
(−1)PiT (ri)V
(
−1
3
L1 − 2
9
)
+
∑
i∈scalars
(−1)Pih2i
(
L1 − 1 + pi
2
4
+ 2
Cφi0φi0V0
Cψ0ψ0V0
)]
, (34)
where C(G)V is the adjoint Casimir of the gauge group of V , which has the gauge coupling g,
and T (ri)V is the Dynkin index for the representation of the scalar i under the same group.
The sum
∑
k runs over all gauge groups under which ψ is charged, with gauge couplings gk,
and C(rψ)k being the Casimir of the representation of ψ with respect to the gauge group
k. For U(1) groups, T (ri) and C(rψ)k get replaced by the corresponding charges. hi is the
Yukawa coupling between scalar i and ψ.
Finally, eq. (34) depends also on Cφi0φi0V0/Cψ0ψ0V0 , the ratio of the couplings of the scalar
i and the fermion ψ to the gauge field V . Some care must be taken when defining the signs
of these couplings. The signs of the ratio should be +1 (−1) if ψ0 and φi0 have the same
representation or the same charge sign for the gauge group of V , and they run in opposite
directions (the same direction) in Fig. 5.
The logarithmic part of the first two lines in eq. (34) agrees with Ref. [10]. The logarithmic
part of the last line in eq. (34) has been computed in Ref. [4] for a U(1) group, but we obtain
a different result.
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Figure 4: Contributions to the ψ¯0–ψ0–V2 vertex, where the blobs indicate one-loop cor-
rections. Zero-mode vector and fermion propagators are depicted through normal wavy
and solid lines, respectively, whereas level-2 vector and fermion propagators are shown as
wavy-solid and double-solid lines, respectively.
Figure 5: Vertex diagram contributing to KK-number
violating vector-boson–fermion couplings involving a
KK-Higgs in the loop.
ψ¯2–ψ0–V
µ
0 coupling: There are two form factors that can facilitate the single production
and decay of a level-2 KK-quark. The first is a Dirac-type chiral interaction,
−iCψ2ψ0V0γµT aP± , (35)
whereas the second is a dipole-like interaction,
−D˜ψ2ψ0V0
σµνqν
2mKK
T aP± , (36)
where q is the momentum V µ0 . Note that by only considering these two expressions, we
restrict ourselves to transverse polarization modes of the V µ0 boson. If V
µ
0 was a massive
W or Z boson, their longitudinal modes must be excluded when using eq. (35), since they
would receive contributions from an additional form factor proportional to (k2− k0)µ, where
k2 and k0 are the (incident) momenta of the ψ2 and ψ0 fermion, respectively. The restriction
to transverse gauge boson polarizations is justified since the contribution of the longitudinal
mode of W or Z bosons is suppressed by vR.
For the computation of the coefficient Cψ2ψ0V0 one needs to consider the diagrams in
Fig. 6, which yield
Cψ2ψ0V0 =
√
2g
64pi2
[
g2C(G)V
(
pi2
4
L1 − 2
)
+ 4
∑
k
g2k C(rψ)k
]
. (37)
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Figure 6: Contributions to the ψ¯2–ψ0–V0 vertex. See caption of Fig. 4 for more explanations.
Figure 7: Contributions to the V2–V0–V0 vertex. See caption of Fig. 4 for more explanations.
The dipole-like interaction in eq. (36) is generated only by the vertex diagrams in Fig. 6 (A).
The result reads
Dψ2ψ0V0 =
√
2g
64pi2
[
g2C(G)V
(
pi2 − 7)+∑
k
g2k C(rψ)k
(
3− 3pi
2
4
)
+
∑
i∈scalars
(−1)Pih2i
(
pi2
4
− 1 + pi
2 − 8
2
Cφi0φi0V0
Cψ0ψ0V0
)]
. (38)
As evident from these expressions, both Cψ2ψ0V0 and D˜ψ2ψ0V0 are independent of ln(ΛR), and
have not been previously reported in the literature.
V µ,a2 (p)–V
ν,b
0 (k1)–V
ρ,c
0 (k2) coupling: Restricting ourselves, as before, to transverse po-
larizations for V ν,b0 (k1) and V
ρ,c
0 (k2), this coupling can be written in the form
fabc
{[
gµν(p− k1)ρ + gνρ(k1 − k2)µ + gρµ(k2 − p)ν
]
CV2V0V0
+
[−gµνk1,ρ + gρµk2,ν]DV2V0V0 + gνρ(k1 − k2)µEV2V0V0} . (39)
Here fabc are the structure constants of the gauge group. Furthermore, p, k1 and k2 are the
vector boson momenta, which are all taken to be incoming.
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The coefficient CV2V0V0 receives contributions from all diagrams in Fig. 7, whereas DV2V0V0
and EV2V0V0 are only generated by the first diagram in the figure. At one-loop level, they are
given by
CV2V0V0 =
√
2g3
64pi2
[
C(G)V
(
−157
9
+
7pi2
6
)
−
∑
i∈scalars
(−1)PiT (ri)V
(
4
9
− pi
2
18
)]
, (40)
DV2V0V0 =
√
2g3
64pi2
[
C(G)V
(
91
6
− pi2
)
+
∑
i∈scalars
(−1)PiT (ri)V 8− pi
2
12
]
, (41)
EV2V0V0 =
√
2g3
64pi2
C(G)V
(
38
3
− 3pi
2
4
)
. (42)
These results, which are also independent of ln(ΛR), are new.
T¯2–t0–Φ0 / t¯2–t0/b0–Φ0 coupling: Level-2 KK top quarks can have loop-induced decays
into zero-mode top or bottom and Higgs states, which are proportional to the top Yukawa
coupling. Here any component of the Higgs doublet can appear in the final state, including
the Higgs bosons as well as longitudinal W and Z bosons. The result, including strong and
electroweak contributions, reads
t¯2−t0−h0 : + imt
v
P−Ct2t0Φ0 ,
t¯2−t0−ZL : − mt
v
P−Ct2t0Φ0 ,
t¯2−b0−W+L : − i
√
2
mt
v
P−Ct2t0Φ0 ,
(43)
Ct2t0Φ0 =
√
2
64pi2
[
g23
(
8
3
L1 +
40
3
− pi2
)
+ g22
(
−3L− 3
2
+
3pi2
8
)
+ g21
(
23
9
L1 +
83
18
− 5pi
2
24
)
− 2h2tL1 + λ
3
2
(L1 + 1)
]
,
(44)
T¯2−t0−h0 : − imt
v
P+CT2t0Φ0 ,
T¯2−t0−ZL : − mt
v
P+ CT2t0Φ0 ,
(45)
CT2t0Φ0 =
√
2
64pi2
[
g23
(
8
3
L1 +
40
3
− pi2
)
+ g22
(
15
4
L1 + 9− 3pi
2
8
)
+ g21
(
−43
36
L1 +
1
9
+
pi2
24
)
− 2h2tL1 + λ
3
2
(L1 + 1)
]
.
(46)
Φ2 decay couplings: The level-2 KK excitation of the SM Higgs doublet can be decom-
posed into a neutral CP-even component h2, a neutral CP-odd component χ2, and a charged
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pair φ±2 ,
Φ2 =
(
φ+2
1√
2
(h2 + iχ2)
)
. (47)
They have a rich variety of loop-induced couplings to pairs of zero-mode particles. In this
work we do not attempt a comprehensive discussion of these channels, but only present a
few interesting aspects.
The leading decay channel of h2 and χ2 is into tt¯ pairs, which is dominantly induced
through QCD loops. The result is given by
t¯0t0h2 : − imt
v
Ct0t0h2 , (48)
t¯0t0χ2 : iγ5
mt
v
Ct0t0h2 , (49)
Ct0t0h2 =
√
2g23
64pi2
CF
[
−4L1 − 4 + pi
2
2
]
. (50)
The logarithmic part of this expression agrees with Ref. [4].
h2 does not have any decays into gluon pairs since there is a cancellation between the
Z2-even and Z2-odd KK-tops inside the vertex loop. However, it can couple to electroweak
gauge boson pairs via loops involving level-1 KK-gauge and KK-Higgs bosons, although this
effective interaction is suppressed by vR. Nevertheless, this subdominant decay channel is
still interesting since it can lead to di-photon resonance signals. We find that it can be
written as
Lh2V0V0 ⊃
3∑
j,k=0
iCjkvR
2
64
√
2pi2
h2F
j
0,µνF
k,µν
0 , (51)
where the j, k = 0 refers to the U(1) field Bµ0 and j, k = 1, 2, 3 to the SU(2) gauge boson
W a,µ0 . The coefficient Cjk are given by
C00 =
g21
128
[
g21(8pi
2 − 58) + 24g22(pi2 − 10) + 48λ(2pi2 − 27)
+ 3(41g21 + 93g
2
2 − 120λ)L1
]
, (52)
Cjj = − g
2
2
128
[
g21(122− 8pi2) + 24λ(54− 4pi2) + 24g22(10 + 3pi2)
− 15 (5g21 + 41g22 − 24λ)L1], [j = 1, 2, 3] (53)
C03 = −g1g2
128
[
2g21(2pi
2 − 65)− 8λ(17− 2pi2) + 8g22(35 + 3pi2)
+ 3
(
5g21 + 81g
2
2
)
L1
]
, (54)
C01 = C02 = C12 = C13 = C23 = 0 . (55)
In contrast to the CP-even component, the CP-odd χ2 can have a loop-induced coupling to
gluon pairs. The ga0,µ(k1)-g
a
0,ν(k2)-χ2 has the form
−i
v
Cg0g0χ2
µνk1k2 , Cg0g0χ2 =
√
2g23
64
mtR
2. (56)
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Figure 8: Mass spectrum of KK particles at level-1 for R−1 = 1 TeV and ΛR = 20 without
(left) / with (right) finite contributions.
As for the h2 decay into vector bosons, it is suppressed by vR, but may still be relevant for
the production of χ2 at hadron colliders.
5 Phenomenological implications
In this section, we study the mass spectrum of KK particles with improved one-loop correc-
tions, including finite (non-logarithmic) terms, and their decays and collider implications of
KK-number violating interactions.
5.1 Mass hierarchy
We begin our discussion with the mass spectrum of KK particles at level-1, which is shown
in Fig. 8 for R−1 = 1 TeV and ΛR = 20 without (left) and with (right) finite contributions,
respectively. KK bosons (either spin-0 or spin-1) are shown in the left column, while KK
fermions are in the middle (for first two generations) and right column (for third generation).
In general is the mass spectrum slightly broadened by the finite corrections. For example,
the mass splitting δ =
mQ1−mγ1
mγ1
between KK quark (Q1) and KK photon (γ1) increases from
∼20% to ∼25% (for ΛR = 20), making the decay products harder in the cascade decays.
Since they become slightly heavier for a given value of R−1, their production cross sections
of KK quarks would decrease slightly. Therefore it is worth investigating the implications of
finite terms to see which effect between the increased efficiency and the reduced production
cross section would make a more pronounced difference.
The dependence on ΛR is logarithmic and we observe similar patterns in the mass hi-
erarchy for a wide range in (R−1, ΛR) space, with the exception of the KK Higgs and KK
leptons. The KK Higgs bosons masses (magenta in the left column) are highly degener-
ate with the SU(2)L-singlet KK lepton masses (e1, red in the middle column), as shown
in the left panel of Fig. 8, but finite corrections increase the mass difference between the
two, as shown in the right panel. In particular, this can affect the hierarchy of the lightest
15
Figure 9: Left: The phase diagram in the (R−1, ΛR) plane from Ref. [7] is reproduced
using the incorrect numerical factor (see text), which shows that the KK Higgs could be the
NLKP in MUED for a large value of R−1. Right: Fixing ΛR = 20, the old (incorrect) result
is shown in (red, solid) as a function of R−1. The correct result is shown in (blue, dashed),
while the curve in (green, dotted) includes finite terms. We find that KK leptons are always
the NLKP.
and next-to-lightest level-1 KK particles, abbreviated as LKP and NLKP, respectively. The
(LKP, NLKP) structure has been studied in detail in Ref. [7], and we reproduce some of
their findings as shown in the left panel of Fig. 9. For a given value of ΛR, the NLKP is
the SU(2)L-singlet KK lepton if R
−1 < R−1◦ , while the NLKP is the charged KK Higgs for
R−1 < R−1◦ , where R
−1
◦ is determined by mH±1 (R
−1
◦ ,ΛR) = meR1 (R
−1
◦ ,ΛR). The red curve
in the left panel of Fig. 9 is the solution of this equation. To study this in detail, we plot
the mass difference between them as a function of R−1 for ΛR = 20. The corresponding
result (red, solid) is labeled as (a) in the right panel of Fig. 9. Fixing a typo in the Higgs
mass correction of Ref. [10] (3
2
should be 9
4
, as already mentioned in section 3.2), we obtain
the (blue, dashed) curve, labeled as (b). With this correction, KK leptons are always the
NLKP, in contrast to what is shown in the left panel. Including the finite terms in eq. (32),
we find an even larger mass splitting, shown by the (green, dotted) curve (labeled as (c)).
This could have some impact on the computation of the KK-photon relic abundance, since
co-annihilation processes are important in this degenerate mass spectrum [4].
Finally, we revisit the mass eigenstates of the KK photon and KK Z boson. In the weak
eigenstate basis, the mass matrix is found to be(
n2
R2
+ δˆm2Bn +
1
4
g21v
2 1
4
g1g2v
2
1
4
g1g2v
2 n2
R2
+ δˆm2Wn +
1
4
g22v
2
)
, (57)
where δˆ is the total one-loop correction, including both bulk and boundary contributions.
In Fig. 10, we show the dependence of the Weinberg mixing angle θn on R
−1 for the first five
KK levels (n = 1, . . . , 5) for ΛR = 20, without (left) and with (right) finite contributions
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Figure 10: Dependence of the Weinberg angle θn for KK levels (n = 1, · · · , 5) on R−1 for
ΛR = 20 with (right) / without (left) finite contributions.
respectively. As shown in the plots, the Weinberg angles are further suppressed by the finite
terms, sin
2 θnewn
sin2 θoldn
. 0.55 for large R−1. Their dependence on ΛR is weak and similar to that in
Ref. [10].
5.2 Branching ratios of level-2 KK excitations
The decay channels of level-1 KK particles are the same as before. Although there are minor
numerical changes due to the change in mass spectrum, including finite terms, the main
branching fractions remain the same as those in Ref. [5]. In this section, we focus on the
branching fractions of level-2 KK particles.
Unlike the decay of n = 1 KK particles, which always give rise to an invisible stable
KK particle in the decay, n = 2 decays do not necessarily produce such missing-particle
signatures. In fact, there are three decay channels of level-2 KK particles: (i) decay to two
n = 0 modes (denoted as 200), (ii) decay to two n = 1 modes (211), and (iii) decay to one
n = 2 and one n = 0 modes (220). Both the 220 and the 211 channels are phase space
suppressed, since KK particles are more or less degenerate around mn ∼ n/R, while 200
decays are suppressed by one loop. Therefore branching fractions of n = 2 KK particles
are sensitive to details of the coupling structure and mass spectrum, which illustrates the
importance of computing the finite corrections. In the case of the 211 decay channel, each
level-1 KK particle would then proceed through its own cascade decay and give one missing
particle at the end. Therefore single production of a level-2 KK particle followed by a 211
decay gives two missing particles, while pair production of level-2 KK particles plus their
subsequent 211 decay gives four missing particles at the end of their cascade decays. On the
other hand, a KK particle that decays via a 200 channel will appear as a resonance, if both
SM particles can be reconstructed.
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Figure 11: Branching fractions of SU(2)L-doublet level-2 KK lepton (left) and charged
SU(2)L-singlet level-2 KK lepton (right). Solid curves include finite corrections and new
decay channels, while dotted curves are old results.
5.2.1 ψ2 decays
We first consider the branching fractions of level-2 KK fermions, which are shown in Figs. 11
and 12 for KK quarks and KK leptons, respectively. The branching fractions for SU(2)L-
doublet KK fermions are shown in the left panel, while those for SU(2)L-singlet KK fermions
are on the right. In Fig. 11 and the right panel of Fig. 12, results with finite corrections are
shown in solid curves, whereas previous results from Ref. [11] are shown in dotted curves.
While one observes no significant changes in existing decay channels, there are new ones
based on our findings as explained in the previous section. SU(2)L KK leptons have the new
νW−, `Z, and `γ channels, which contribute with 0.1% to 2%, while the branching fraction
of u2 to ug is as big as 2.5%. In the case of KK lepton decays, EWSB effects are important,
i.e. a sizable mixing between KK photon and KK Z is expected for low values of R−1 (see
eq. 57). It turns out that m`2 −mγ1 −m`1 approaches 0 as R−1 → v, which is why the `γ2
branching fraction becomes larger. This effect is more pronounced for the SU(2)L singlet
lepton. This pattern does not appear for KK quarks, since mass corrections to KK quarks
are larger than those to KK gauge bosons (see Fig. 12).
Branching fractions of SU(2)L doublet quarks are rather complicated as shown in the left
panel of Fig. 12. New decay channels dW , ug and uZ, show branching fractions of 2.5–4.5%,
1.5–2.5% and 1–2%, respectively.
Branching fractions for neutral KK leptons and the down-type KK quarks are similar.
For example, looking at the d2 decay we find the dγ2 and d1γ1 channels to be dominant
with BR ∼ 45%, but the branching fraction into dg is slightly higher at about 8%. This is
due to the different hypercharge couplings between the up-type and the down-type quarks.
Branching fractions into dZ and dγ are negligible as before.
Finally we show the branching fractions of level-2 KK top quarks in Fig. 13. In this case
we find that the branching fractions of the SU(2)L doublet KK top into th or tZ are 3–6%
each. Other 200 decay modes into tg and bW+ show branching fractions of about 2–4% and
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Figure 12: Branching fraction of SU(2)L-doublet level-2 KK quark (left) and SU(2)L-singlet
level-2 KK quark (right) for the up-type.
Figure 13: Branching fraction of SU(2)L-doublet KK top quark (left) and SU(2)L-singlet
KK top quark (right).
1–2%, respectively. The tγ branching fraction is below one percent, which implies that the
KK top decays directly to two SM particles ∼ 8–15% of the time. The SU(2)L singlet KK
top does not have decays to SU(2)L gauge bosons, and branching fractions for th and tg are
of order 1–5.5% and 2–12%, respectively, for 250 GeV < R−1 < 2 TeV. Due to the Yukawa
correction to the KK top mass, two-body decays of level-2 KK top into W+1 B1, t1Z1 and tγ2
are suppressed for low values of R−1.
5.2.2 V2 decays
Fig. 14 shows the branching fractions of n = 2 KK gauge bosons as a function of R−1.
Overall, we find our results are similar to those in Ref. [11] with a few notable changes.
Firstly we considered the new decay channels g2 → gg, Z2 → W+W−, W±2 → ZW± and
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Figure 14: Branching fractions of γ2, Z2, W
±
2 and g2 for ΛR = 20.
W±2 → γW±. Their rather moderate branching fractions contribute with 1–2%, 0.3%, 2–3%,
and 0.7%, respectively. The leptonic branching fractions of Z2 and γ2 become smaller with
finite corrections and are now about 0.7%.
Due to larger mass corrections for strongly interacting particles (KK-gluon and KK-
quarks), only the n = 2 KK gluon can decay to KK-quarks (qq2 or q1q1), while two-body
decays of KK Z and W gauge bosons into KK quarks are kinematically closed. With finite
corrections and additional decay channels, the total decay widths of level-2 bosons increase
by a factor of ∼ 2 for electroweak gauge bosons and ∼ 5 for KK gluon as shown in Fig. 15.
However, their decay widths are still very small due to the phase space suppression of 220
and 211 decays and loop-suppression of 200 decays, as mentioned at the beginning. For
electroweak gauge bosons, ΓV2/mV2 . 10−3, and Γg2/mg2 ∼ 0.02 for KK gluons.
5.3 Cross-sections and signatures
Single production of level-1 KK particles is forbidden due to KK-parity and therefore they
must be produced in pairs from collisions of two SM particles or from the decay of level-2 KK
particles. However, both single and pair productions are possible for level-2 KK particles.
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Figure 15: The decay width of level-2 gauge bosons as a function of R−1 for ΛR = 20.
Solid curves include finite corrections, while dotted curves are old results.
Single production cross sections are suppressed by a loop factor, while pair production cross
sections are suppressed by phase space.
All cross sections are calculated at tree level considering five partonic quark flavors in the
proton along with the gluon at the 14 TeV LHC. We sum over the final state quark flavors
and include charge-conjugated contributions. We used CTEQ6L parton distributions [20]
and chose the scale of the strong coupling constant to be equal to the parton-level center-
of-mass energy. All results are obtained using CalcHEP [21] based on the implementation
of the MUED model from Ref. [16]. Since the particle content and KK number conserving
interactions remain the same, we only modified the KK mass spectrum and KK number
violating interactions in the existing implementation which is based on Ref. [10]. We also
implemented the new interactions which are described throughout our paper.
We summarize single production cross sections of n = 2 KK gauge bosons (left) and n = 2
KK quarks (right) in Fig. 16. While overall one observes a slight increase in production cross
sections for the KK-gauge bosons, the gg → g2 production channel has been computed for
the first time here and contributes at a sizable level. All KK-fermion single production
cross sections presented here had also not been considered previously. Fig. 17 shows the
pair production of KK quarks (left) and associated production of KK quark and KK gluon
(right), respectively.
Another interesting channel is associated production of KK top with SM top quark.
pp → T2t¯ + tT¯2 is shown as a (black, solid) curve, labeled as ‘T2t0’ in the left panel of Fig.
17. Since T2 has a large branching fraction into th and a sizable branching fraction into
tγ, bW or tZ, this production could be constrained by cross section measurements of SM
processes such as tt¯γ, tt¯, tt¯h and tt¯.
Finally, we plot the total integrated luminosity L (in fb−1) required for a 5σ excess of
signal over background in the di-electron (red, dotted) or di-muon (blue, dashed) channel,
as a function of R−1 (in GeV). We have used the same backgrounds, basic cuts and detector
resolutions as described in Ref. [11]. In each panel of Fig. 18, the upper set of lines labeled
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Figure 16: Single production cross section of level-2 KK gauge bosons (left) and level-2
KK fermions (right) as a function of R−1. Dotted curves (left) are results from Ref. [11]
and solid curves are new results including finite terms. Level-2 fermion cross sections and
σ(gg → g2) have been computed first time. The cut-off scale has been set to ΛR = 20.
Figure 17: Strong production of n = 2 KK particles at the 14 TeV LHC. The left
panel shows KK-quark pair production, while the right panel shows KK-quark/KK-gluon
associated production and KK gluon pair production. Updated results (solid curves) are
similar to old results (in dashed curves from Ref. [11]). The cut-off scale has been set to
ΛR = 20.
‘DY’ only utilizes the single V2 productions from Fig. 16. The lower set of lines (labeled ‘All
processes’) includes in addition indirect γ2 and Z2 production from the cascade decays of
level-2 KK quarks to level-2 KK gauge bosons from Fig. 17. We do not include contributions
from single production of level-2 KK quarks, so as to compare more directly against results
in Ref. [11]. They would make a small contribution to the total luminosity as shown in the
right panel of Fig. 16.
For both di-electron and di-muon channel, we observe no significant change in the required
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Figure 18: 5σ discovery reach for γ2 (left) and Z2 (right). We show the total integrated
luminosity L (in fb−1) required for a 5σ excess of signal over SM backgrounds in the di-
electron (red, dotted) and di-muon (blue, dashed) channels. In each plot, the upper set of
curves labeled as ‘DY’ make use of the single production of γ2 or Z2 (from Fig. 16), while the
lower set of curves labeled as ‘All processes’ includes indirect γ2 and Z2 productions from
n = 2 KK quarks (see Fig. 17). We assumed the same signal and background efficiencies
used in Ref. [11] and combined with our updated cross sections and branching fractions.
luminosity compared to results from Ref. [11], although we notice a slight reduction or
increase in the luminosity, depending on the value of R−1. This is due to the interplay
between improved results on cross sections and branching fractions. Overall, production
cross sections are increased as shown in Figs. 16 and 17, while branching fractions decrease
as shown Fig. 14. The high-luminosity LHC with 3 ab−1 would be able to probe the level-2
KK photon up to R−1 ∼ 1.2 TeV in the µ+µ− and R−1 ∼ 1.5 TeV in the e+e− channel.
The corresponding reach for the level-2 KK Z boson is lower due to the relevant branching
fractions.
6 Conclusions
In this article we presented the one-loop corrected mass spectrum and KK-number violating
decays of level-2 KK states into SM particles in models with universal extra dimensions.
As a concrete framework we chose to add one additional universal extra dimension to the
SM, which is compactified on a circle with a Z2 orbifold. Due to its non-renormalizability
the model is regarded as an effective low-energy theory with a hard cutoff scale Λ at which
an unspecified UV-completion is expected to describe the physics. This enables us to write
down sensible MS counterterms with a logarithmic sensitivity to the cutoff. All calculations
were performed in the 4D effective theory using publicly available software supplemented by
in-house routines.
The self energy diagrams giving rise to the mass corrections contain an infinite tower
of states in the loop, whose summation requires additional regularization. To this end we
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employed the Poisson summation identity to identify the divergent pieces in winding number
space and remove them. The results can be divided into logarithmically divergent boundary
terms and finite bulk contributions.
The low cutoff scale (ΛR . 50, considering perturbativity and unitarity [1, 13]) implies
that the leading (logarithmic) terms in the one-loop corrections to KK masses are not as
large as those in supersymmetry, and finite contributions could play an important role phe-
nomenologically.
When including the new finite (non-logarithmic) corrections, the mass spectrum broadens
and each KK particle becomes heavier, which implies that the pair production cross sections
of level-1 KK particles at colliders would be reduced but their acceptance rate would increase.
We also examined the nature of the NLKP, and confirmed that it is always the right-handed
KK lepton, which is different from what has been stated in the literature, where the NLKP
was thought to be the KK-Higgs for a large KK scale. The KK Weinberg angles are further
reduced such that weak eigenstates are basically mass eigenstates.
Using the same methodology, we have calculated finite corrections to the decays of level-2
KK states into SM particles, including previously unknown couplings. Since the interactions
violate KK number, only a finite number of diagrams contribute to the vertices and no addi-
tional regularization is necessary. We then revisited the computation of branching fractions
for level-2 KK particles. For KK fermions the basic features remain the same as before with
the addition of new decay modes opening up at the few-percent level. The largest effects
appear in the decay of level-2 KK top quarks, i.e., the branching fraction of the left-handed
KK top quark into th is about 20–30%. Branching fractions of level-2 gauge bosons are also
updated. Overall, the decay widths of level-2 particles are observed to increase when these
effects are included, but they are still narrower than the detector resolution.
Finally, we would like to make a few comments about other potentially interesting collider
and dark matter phenomenology. In this paper, we showed results for the production of level-
2 KK gauge bosons at the LHC. It is desirable to study these with a more detailed simulation,
including single and pair production of level-2 KK fermions, and set bounds on (R−1, ΛR)
from various resonance searches, such as V2 decays to `¯`, jj, W
+W−, W±Z, ZZ, tt¯. Here
one can make use of boosted W , Z and t event topologies.
The collider phenomenology of singly produced level-2 KK fermions provides interesting
signatures. For instance, searches for excited quarks in various final states would constrain
level-2 decays such as pp→ Q2/q2 → q′V , where V = γ, Z, W or g. Q2 or q2 could appear
as a single three-jet resonance via q′V2 with V2 → f0f ′0. Other interesting topologies involve
the top quark and the Higgs. They may not provide the best sensitivity in a search for
this particular model since certain signal-to-background ratios may be small. However they
could serve as a benchmark model for various searches and provide useful search grounds.
We list a few examples below.
• pp→ t2t¯2 with t2 → th, t2 → tg or t2 → tγ
• pp→ T2T¯2 with T2 → th, T2 → Zt, T → tg, T → tγ or T2 → tγ2 (γ2 → tt¯)
• pp → B2B¯2 with B2 → Zb or B2 → Wt (and small branching fractions to B2 → gb,
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B2 → bγ)
• pp→ b2b¯2 with b2 → gb (and small branching fractions to b2 → γb, and b2 → Zb)
• pp→ Q2, q2, Q2Q¯2, q2q¯2 (both single and pair production) with Q2 → qg or Q2 → qγ
• T2T¯2 → tt¯h+X (inclusive tt¯h production)
As discussed earlier, level-1 KK particles are always produced in pairs due to KK parity
and lead to signals with missing transverse momentum. Final states with jets + leptons +
missing transverse momentum are known to provide stringent bounds on R−1 (see Ref. [9]).
It is worth revisiting these analyses with our improved mass spectrum, since the broader
mass pattern will lead to signal efficiency gains while at the same time the increased masses
will reduce the production cross sections.
The computation of the relic abundance of KK dark matter has a rather long history [2–4].
Ref. [4] includes both coannihilation and resonance effects, which play a crucial role in in-
creasing the preferred mass scale of the KK photon. Our results imply that a slightly broader
mass spectrum would reduce effective cross sections in the coannihilation processes (which
are suppressed by e
−x′f (m
′
1−m′γ1 )
e
−xf (m1−mγ1 ) ≈ e−xf (m
′
1−m1) where xf ≈ x′f is the freeze-out temperature
and m1 is the mass of the coannihilating particle, m
′
1 is the improved mass, and mγ1 ≈ m′γ1
is the mass of KK photon), pushing mγ1 to a lower value. However, 11→ 20 processes with
the level-2 particle decaying to two zero modes would increase the effective annihilation cross
section efficiently, increasing the preferred value for mγ1 . This is a highly non-trivial and
complicated exercise and we postpone it to a follow-up study.
We hope that our results will be useful for investigations of the phenomenology of uni-
versal extra dimensions and also provide interesting event topologies for various collider
searches [22].
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A Feynman rules of MUED
This appendix lists a complete set of Standard Model Lagrangian in a universal extra di-
mensions model in 5 dimensions with a S1/Z2 orbifold compactification. The conventions
are chosen such that Greek indices take values 0, 1, 2, 3, assigned to the uncompactified di-
mensions, while capital Latin indices describe the full 5D theory, where the extra spatial
dimension is denoted as x5 where necessary. The 5D coupling constants are labeled with a
25
superscript (5) and are related to the 4D effective couplings through
g =
g(5)√
piR
, hi =
h
(5)
i√
piR
, λ =
λ(5)
piR
, (58)
for the gauge, Yukawa and Higgs self coupling respectively.
Furthermore we have to define the conventions for the extension of the Clifford algebra,
ΓM =
(
γµ, iγ5
)
, such that
{
ΓM ,ΓN
}
= 2gMN , (59)
where gMN is the 5D metric tensor
gMN =
(
gµν 0
0 −1
)
, (60)
and gµν = diag{+−−−} the usual 4D metric. It is also helpful to define an extended set of
∆ symbols [16]
∆1mnl = δl,m+n + δn,l+m + δm,l+n ,
∆2mnlk = δk,l+m+n + δl,m+n+k + δm,n+k+l + δn,k+l+m + δk+m,l+n + δk+l,m+n + δk+n,l+m ,
∆3mnlk = −δk,l+m+n − δl,m+n+k − δm,n+k+l − δn,k+l+m + δk+l,m+n + δk+m,l+n + δk+n,l+m ,
∆4mnl = −δl,m+n + δn,l+m + δm,l+n ,
∆5mnlk = −δk,l+m+n − δl,m+n+k + δm,n+k+l + δn,k+l+m − δk+l,m+n + δk+m,l+n + δk+n,l+m . (61)
A.1 The Gauge Sector
As a generic example, we show the gauge sector Lagrangian for a single vector field in the
adjoint representation of SU(N), which contains a four-component vector Vµ (x, x
5) and a
fifth component V5 (x, x
5), which takes the role of a Goldstone boson. Additionally we require
the ghost field c (x, x5). After compactification the Lagrangians read
LGauge =1
2
∫ piR
−piR
dx5
{
−1
4
F aMNF
a,MN
}
=
1
2
∫ piR
−piR
dx5
{
−1
4
F aµνF
a,µν − 1
2
F a5νF
a,5ν
}
,
LGF =1
2
∫ piR
−piR
dx5
{
− 1
2ξ
(
∂µV aµ
(
x, x5
)− ξ∂5V a5 (x, x5))2} ,
LGhost =1
2
∫ piR
−piR
dx5
{
ca
(
x, x5
) (−∂µ∂µ + ξ∂25) ca (x, x5)
+g(5)fabc
(−∂µca (x, x5)V cµ (x, x5) cb (x, x5)+ ξ∂5ca (x, x5)V c5 cb (x, x5))} , (62)
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with ξ being the gauge parameter in the generalized Rξ gauge. After decomposing the 5D
fields into Fourier modes, according to
Vµ
(
x, x5
)
=
1√
piR
[
V 0µ (x) +
√
2
∞∑
n=1
V nµ (x) cos
nx5
R
]
,
V5
(
x, x5
)
=
√
2
piR
∞∑
n=1
V n5 (x) sin
nx5
R
,
ca
(
x, x5
)
=
1√
piR
[
c0,a(x) +
√
2
∞∑
n=1
cn,a(x) cos
nx5
R
]
, (63)
and performing the integral over the fifth dimension one obtains the effectively 4D pure
Yang-Mills pieces, given by
1
2
∫ piR
−piR
dx5
(
F a5νF
a5ν
)
= −
∞∑
n=1
( n
R
V n,aµ + ∂µV
n
5 − gCabcV n,b5 V 0,cµ
)2
+
∞∑
m,n,l=1
√
2gCade
(m
R
V m,aµ + ∂µV
m,a
5 − gCabcV m,b5 V 0,cµ
)
V n,d5 V
l,eµ∆4mnl
− g
2
2
CabcCade
∞∑
m,n,l,k=1
V m,b5 V
n,c
µ V
l,d
5 V
k,eµ∆5mlnk , (64)
1
2
∫ piR
−piR
dx5
(
F aµνF
aµν
)
= F 0,aµν F
0,aµν + 2gCabc
∞∑
n=1
F 0,aµν V
n,bµV n,cν +
∞∑
n=1
(
∂µV
n,a
ν − ∂νV n,aµ
)2
+ 2gCabc
∞∑
n=1
(
∂µV
n,a
ν − ∂νV n,aµ
) (
V 0,bµV n,cν + V 0,cνV n,bµ
)
+
√
2gCabc
∞∑
m,n,l=1
(
∂µV
m,a
ν − ∂νV m,aµ
)
V n,bµV l,cν∆1mnl
+
∞∑
n=1
g2(Cabc(V 0,bµ V
n,c
ν + V
0,c
ν V
n,b
µ ))
2
+
√
2g2
∞∑
m,n,l=1
CabcCade
(
V 0,bµ V
m,c
ν + V
0,c
ν V
m,b
µ
)
V n,dµV l,eν∆1mnl
+
∞∑
m,n,l,k=1
g2
2
CabcCadeV m,bµ V
n,c
ν V
l,dµV k,eν∆2mnlk, (65)
a gauge fixing part given by
LGF = − 1
2ξ
[(
∂µV 0µ
)2
+
∞∑
n=1
(
∂µV nµ −
ξn
R
V n5
)2]
, (66)
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and finally the ghost piece
LGhost =− c0,a∂µ∂µc0,a − gfabc∂µc0,aV 0,cµ c0,b −
∞∑
n=1
[
cn,a∂µ∂µc
n,a + ξ
n2
R2
cn,acn,a
]
− gfabc
∞∑
n=1
[
∂µc0,aV n,cµ c
n,b + ∂µcn,aV 0,cµ c
n,b + ∂µcn,aV n,cµ c
0,b + ξ
n
R
cn,aV n,b5 c
0,c
]
− g√
2
fabc
∞∑
m,n,l=1
[
∂µcl,aV m,cµ c
n,b∆1lmn + ξ
l
R
cl,aV m,c5 c
n,b∆4lmn
]
. (67)
A.2 The Fermion Sector
Analogously, we show the Lagrangian for a fermion in the fundamental representation cou-
pled to a generic SU(N) gauge field. The structure of the SM makes it necessary to dis-
tinguish between Fermions Ψ that transform as doublets under SU(2) and those that are
singlets ψ. Their respective decomposition is
Ψ
(
x, x5
)
=
1√
piR
{
ΨL(x) +
√
2
∞∑
n=1
[
P−ΨnL(x) cos
nx5
R
+ P+Ψ
n
R(x) sin
nx5
R
]}
,
ψ
(
x, x5
)
=
1√
piR
{
ψR(x) +
√
2
∞∑
n=1
[
P+ψ
n
R(x) cos
nx5
R
+ P−ψnL(x) sin
nx5
R
]}
. (68)
The generic Lagrangian for either of the Fermions coupling to VM (x, x
5) can be written as
LΨ = 1
2
∫ piR
−piR
dx5
{
iΨ¯
(
x, x5
)
ΓM
[
∂M + ig
(5)VM
(
x, x5
)]
Ψ
(
x, x5
)}
= iΨ¯Lγ
µ
(
∂µ + igV
0
µ
)
ΨL −
∞∑
n=1
n
R
[
Ψ¯nRΨ
n
L + Ψ¯
n
LΨ
n
R
]
+
∞∑
n=1
[
iΨ¯nRγ
µ
(
∂µ + igV
0
µ
)
ΨnR + iΨ¯
n
Lγ
µ
(
∂µ + igV
0
µ
)
ΨnL − gΨ¯LγµV nµ ΨnL + gq¯Liγ5V n5 ΨnR
]
− g√
2
∞∑
m,n,l=1
[
Ψ¯mL γ
µV nµ Ψ
l
L∆
1
mnl + Ψ¯
m
Rγ
µV nµ Ψ
l
R∆
4
mln + Ψ¯
m
L iγ
5V n5 Ψ
l
R∆
4
lnm
]
. (69)
A.3 The Higgs Sector
Due to the somewhat complicated structure of the four-point interactions between the Higgs
and electroweak gauge bosons, we here show the Higgs Lagrangian not just for a generic
gauge group, but write the explicit Lagrangian for a Higgs doublet coupling to the U(1)Y
field BM (x, x
5) and the SU(2)L field WM (x, x
5).
The Higgs doublet Φ (x, x5) is decomposed as
Φ
(
x, x5
)
=
1√
piR
{
Φ0(x) +
√
2
∞∑
n=1
Φn(x) cos
nx5
R
}
(70)
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and inserted into the Lagrangian
LHiggs = 1
2
∫ piR
−piR
dx5
[(
DMΦ
(
x, x5
))† (
DMΦ
(
x, x5
))
+ µ2Φ†
(
x, x5
)
Φ
(
x, x5
)− λ (Φ† (x, x5)Φ (x, x5))2]
=
[(
∂µ + ig2W
0
µ +
ig1
2
B0µ
)
Φ0
]† [(
∂µ + ig2W
0µ +
ig1
2
B0µ
)
Φ0
]
+
∞∑
n=1
[(
∂µ + ig2W
0
µ +
ig1
2
B0µ
)
Φn
]† [(
∂µ + ig2W
0µ +
ig1
2
B0µ
)
Φn
]
+ ig2
∞∑
n=1
[
(∂µΦ0)
†W nµΦn + (∂
µΦn)
†W nµΦ0 − Φ†nW nµ †(∂µΦ0)− Φ†0W nµ †(∂µΦn)
]
+ ig2
∞∑
m,n,l=1
[
(∂µΦm)
†W nµΦl − Φ†lW nµ †(∂µΦm)
]
∆1mnl
+
ig1
2
∞∑
n=1
[
(∂µΦ0)
†BnµΦn + (∂
µΦn)
†BnµΦ0 − Φ†nBnµ(∂µΦ0)− Φ†0Bnµ(∂µΦn)
]
+
ig1
2
√
2
∞∑
m,n,l=1
[
(∂µΦm)
†BnµΦl − Φ†lBnµ(∂µΦm)
]
∆1mnl
+ g22
∞∑
n=1
[
Φ†0W
0
µ
†
W nµΦn + Φ
†
nW
0
µ
†
W nµΦ0 + Φ
†
0W
nµ†W 0µΦn + Φ
†
0W
nµ†W nµΦ0 + Φ
†
nW
nµ†W 0µΦ0
]
+
g22√
2
∞∑
m,n,l=1
[
Φ†mW
0
µ
†
W nµΦl + Φ
†
0W
m
µ
†W lµΦn + Φ†mW
n
µ
†W 0µΦl + Φ†mW
n
µ
†W lµΦ0
]
∆1mnl
+
g22
2
∞∑
m,n,l,k=1
[
Φ†mW
n
µ
†W lµΦk
]
∆2mnlk
+
g1g2
2
∞∑
n=1
[
Φ†0W
0
µ
†
BnµΦn + Φ
†
nW
0
µ
†
BnµΦ0 + Φ
†
0W
n
µ
†B0µΦn + Φ
†
0W
n
µ
†BnµΦ0 + Φ†nW
n
µ
†B0µΦ0
+ Φ†nB
nµW 0µΦ0 + Φ
†
0B
nµW 0µΦn + Φ
†
nB
0µW nµΦ0 + Φ
†
0B
nµW nµΦ0 + Φ
†
0B
0µW nµΦn ]
+
g1g2
2
√
2
∞∑
m,n,l=1
[
Φ†mW
0
µ
†
BnµΦl + Φ
†
0W
m
µ
†BlµΦn + Φ†mW
n
µ
†B0µΦl + Φ†mW
n
µ
†BlµΦ0
+ Φ†lB
nµW 0µΦm + Φ
†
nB
lµWmµ Φ0 + Φ
†
lB
0µW nµΦm + Φ
†
0B
lµW nµΦm ] ∆
1
mnl
+
g1g2
4
∞∑
m,n,l,k=1
[
Φ†mW
n
µ
†BlµΦk + Φ
†
kB
lµW nµΦm
]
∆2mnlk
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+
g21
4
∞∑
n=1
[
2Φ†0B
0
µB
nµΦn + 2Φ
†
nB
0
µB
nµΦ0 + Φ
†
0B
n
µB
nµΦ0
]
+
g21
4
√
2
∞∑
m,n,l=1
[
2Φ†mB
0
µB
nµΦl + Φ
†
0B
m
µ B
lµΦn + Φ
†
mB
n
µB
lµΦ0
]
∆1mnl
+
g21
4
∞∑
m,n,l,k=1
[
Φ†mB
n
µB
lµΦk
]
∆2mnlk
+ µ2
[
Φ†0Φ0 +
∞∑
n=1
Φ†nΦn
]
−
∞∑
n=1
( n
R
)2
Φ†nΦn
+
1√
2
∞∑
m,n,l=1
n
R
Φ†n
(
ig1
2
Bm5 + ig2W
m
5
)
Φl∆
4
mnl
− 1√
2
∞∑
m,n,l=1
m
R
Φ†l
(
ig1
2
Bn5 + ig2W
n
5
)
Φm∆
4
mnl
− 1
2
∞∑
m,n,l,k=1
Φ†l
(
ig1
2
Bm5 + ig2W
m
5
†
)(
ig1
2
Bn5 + ig2W
n
5
)
Φk∆
5
mnlk
−
∞∑
n=1
[
Φ†0
(
g2W
n
5 +
g1
2
Bn5
)2
Φ0 +
n
R
Φ†0
(
g2W
n
5 +
g1
2
Bn5
)
Φn − n
R
Φ†n
(
g2W
n
5 +
g1
2
Bn5
)
Φ0
]
− 1√
2
∞∑
m,n,l=1
[
Φ†0
(
g2W
k
5 +
g1
2
Bk5
)(
g2W
l
5 +
g1
2
Bl5
)
Φm
+Φ†m
(
g2W
k
5 +
g1
2
Bk5
)(
g2W
l
5 +
g1
2
Bl5
)
Φ0
]
∆4klm
− λ
(
Φ†0Φ0
)2
− λ
∞∑
n=1
[(
Φ†0Φn + Φ
†
nΦ0
)2
+ 2Φ†0Φ0Φ
†
nΦn
]
−
√
2λ
∞∑
m,n,l=1
Φ†mΦn
(
Φ†lΦ0 + Φ
†
0Φl
)
∆1mnl −
λ
2
∞∑
m,n,l,k=1
Φ†mΦnΦ
†
lΦk∆
2
mnlk . (71)
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A.4 The Yukawa Sector
To ensure that the SM Fermions acquire a mass through EWSB one has to consider the
Yukawa couplings to the Higgs field. For a down-type fermion they are described by
LYukawa = 1
2
∫ piR
−piR
dx5
{
h
(5)
i Ψ¯
(
x, x5
)
ψ
(
x, x5
)
Φ
(
x, x5
)}
= hiΨ¯LψRΦ0 + hi
∞∑
n=1
[
Ψ¯nLψ
n
RΦ0 + Ψ¯
n
Rψ
n
LΦ0
]
+ hi
∞∑
n=1
[
Ψ¯Lψ
n
RΦn + Ψ¯
n
LψRΦn
]
+
hi√
2
∞∑
m,n,l=1
[
Ψ¯nLψ
m
RΦl∆
1
mnl + Ψ¯
n
Rψ
m
L Φl∆
4
mnl
]
. (72)
and for an up-type fermion they can be constructed in complete analogy.
B KK-number violating couplings in MUED
In this appendix, the KK-number violating couplings discussed in section 4 are shown for
the MUED extension of the SM. Here g1,2,3 are the couplings of the SM U(1)Y, SU(2)L and
SU(3)C gauge groups, respectively, while ht is the top Yukawa coupling and λH the Higgs
self-coupling. The Ln is defined as Ln ≡ ln(Λ2/m2n).
ψ¯0–ψ0–V
µ
2 coupling: −iCψ0ψ0V2γµT aP±
CQ0Q0G2 =
√
2g3
64pi2
[
g23
(
11L1 + 35− 11pi
2
3
)
+ g22
(
−27
4
L1 − 39
4
+
21pi2
16
)
+ g21
(
−1
4
L1 − 13
36
+
7pi2
144
)] (73)
CtL0tL0G2 = CbL0bL0G2
=
√
2g3
64pi2
[
g23
(
11L1 + 35− 11pi
2
3
)
+ g22
(
−27
4
L1 − 39
4
+
21pi2
16
)
+ g21
(
−1
4
L1 − 13
36
+
7pi2
144
)
+ h2t
(
L1 − 1 + pi
2
4
)] (74)
Cu0u0G2 =
√
2g3
64pi2
[
g23
(
11L1 + 35− 11pi
2
3
)
+ g21
(
−4L1 − 52
9
+
7pi2
9
)]
(75)
CtR0tR0G2 =
√
2g3
64pi2
[
g23
(
11L1 + 35− 11pi
2
3
)
+ g21
(
−4L1 − 52
9
+
7pi2
9
)
+ h2t
(
2L1 − 2 + pi
2
2
)] (76)
Cd0d0G2 =
√
2g3
64pi2
[
g23
(
11L1 + 35− 11pi
2
3
)
+ g21
(
−L1 − 13
9
+
7pi2
36
)]
(77)
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CQ0Q0Z2 =
√
2g2
64pi2
[
g23
(
−12L1 − 52
3
+
7pi2
3
)
+ g22
(
33
4
L1 +
299
12
− 43pi
2
16
)
+ g21
(
−1
4
L1 − 13
36
+
7pi2
144
)] (78)
CtL0tL0Z2 = CbL0bL0Z2
=
√
2g2
64pi2
[
g23
(
−12L1 − 52
3
+
7pi2
3
)
+ g22
(
33
4
L1 +
299
12
− 43pi
2
16
)
+ g21
(
−1
4
L1 − 13
36
+
7pi2
144
)
+ h2t
(
L1 − 3 + pi
2
4
)] (79)
CL0L0Z2 =
√
2g2
64pi2
[
g22
(
33
4
L1 +
299
12
− 43pi
2
16
)
+ g21
(
−9
4
L1 − 13
4
+
7pi2
16
)]
(80)
CQ0Q0B2 =
√
2g1
64pi2
[
g23
(
−12L1 − 52
3
+
7pi2
3
)
+ g22
(
−27
4
L1 − 39
4
+
21pi2
16
)
+ g21
(
− 7
12
L1 − 7
12
+
7pi2
144
)] (81)
CtL0tL0B2 = CbL0bL0B2
=
√
2g1
64pi2
[
g23
(
−12L1 − 52
3
+
7pi2
3
)
+ g22
(
−27
4
L1 − 39
4
+
21pi2
16
)
+ g21
(
− 7
12
L1 − 7
12
+
7pi2
144
)
+ h2t
(
L1 + 5 +
pi2
4
)] (82)
Cu0u0B2 =
√
2g1
64pi2
[
g23
(
−12L1 − 52
3
+
7pi2
3
)
+ g21
(
−13
3
L1 − 6 + 7pi
2
9
)]
(83)
CtR0tR0B2 =
√
2g1
64pi2
[
g23
(
−12L1 − 52
3
+
7pi2
3
)
+ g21
(
−13
3
L1 − 6 + 7pi
2
9
)
+ h2t
(
2L1 − 5 + pi
2
2
)] (84)
Cd0d0B2 =
√
2g1
64pi2
[
g23
(
−12L1 − 52
3
+
7pi2
3
)
+ g21
(
−4
3
L1 − 5
3
+
7pi2
36
)]
(85)
CL0L0B2 =
√
2g1
64pi2
[
g22
(
−27
4
L1 − 39
4
+
21pi2
16
)
+ g21
(
−31
12
L1 − 125
36
+
7pi2
16
)]
(86)
Ce0e0B2 =
√
2g31
64pi2
(
−28
3
L1 − 119
9
+
7pi2
4
)]
(87)
ψ¯2–ψ0–V
µ
0 coupling: −iC˜ψ2ψ0V0γµP± [V0 transverse]
Note that C˜ is defined without T a, in contrast to eq. (35). In the expressions below, A is an
32
SU(3) color index.
C˜Q2Q0G0 =
√
2g3
64pi2
TA
[
g23
(
−2
3
+
3pi2
4
)
+ 3g22 +
g21
9
]
[including Q = T,B] (88)
C˜u2u0G0 =
√
2g3
64pi2
TA
[
g23
(
−2
3
+
3pi2
4
)
+
16
9
g21
]
[including u = t] (89)
C˜d2d0G0 =
√
2g3
64pi2
TA
[
g23
(
−2
3
+
3pi2
4
)
+
4
9
g21
]
(90)
C˜Q2Q0Z0 =
√
2(±1
2
g2cW − 16g1sW)
64pi2
[
16
3
g23 + 3g
2
2 +
g21
9
]
±
√
2g32cW
128pi2
(
pi2
2
− 4
)
(91)
[including Q = T,B]
C˜Q2Q0γ0 =
√
2(±1
2
g2sW +
1
6
g1cW)
64pi2
[
16
3
g23 + 3g
2
2 +
g21
9
]
±
√
2g32sW
128pi2
(
pi2
2
− 4
)
(92)
[including Q = T,B]
− 1
sW
C˜u2u0Z0 =
1
cW
C˜u2u0γ0 =
√
2g1
96pi2
[
16
3
g23 +
16
9
g21
]
[including u = t] (93)
− 1
sW
C˜d2d0Z0 =
1
cW
C˜d2d0γ0 = −
√
2g1
192pi2
[
16
3
g23 +
4
9
g21
]
(94)
C˜L2L0Z0 =
√
2(±1
2
g2cW +
1
2
g1sW)
64pi2
[
3g22 + g
2
1
]± √2g32cW
128pi2
(
pi2
2
− 4
)
(95)
C˜L2L0γ0 =
√
2(±1
2
g2sW − 12g1cW)
64pi2
[
3g22 + g
2
1
]± √2g32sW
128pi2
(
pi2
2
− 4
)
(96)
− 1
sW
C˜e2e0Z0 =
1
cW
C˜e2e0γ0 = −
√
2g31
16pi2
(97)
In eqs. (91) ff., the ± signs indicate the upper/lower entry of a fermion doublet.
ψ¯2–ψ0–V
µ
0 coupling: −D˜ψ2ψ0V0 σ
µνqν
2mKK
P±
Note that D˜ is defined without T a, in contrast to eq. (36). In the expressions below, A is an
33
SU(3) color index.
D˜Q2Q0G0 =
√
2g3
64pi2
TA
[
g23(−17 + 2pi2) + g22
(
9
4
− 9pi
2
16
)
+ g21
(
1
12
− pi
2
48
)]
(98)
D˜T2tL0G0 = D˜B2bL0G0 =
√
2g3
64pi2
TA
[
g23(−17 + 2pi2) + g22
(
9
4
− 9pi
2
16
)
+ g21
(
1
12
− pi
2
48
)
+ h2t
(
pi2
4
− 1
)]
(99)
D˜u2u0G0 =
√
2g3
64pi2
TA
[
g23(−17 + 2pi2) + g21
(
4
3
− pi
2
3
)]
(100)
D˜t2tR0G0 =
√
2g3
64pi2
TA
[
g23(−17 + 2pi2) + g21
(
4
3
− pi
2
3
)
+ h2t
(
pi2
2
− 2
)]
(101)
D˜d2d0G0 =
√
2g3
64pi2
TA
[
g23(−17 + 2pi2) + g21
(
1
3
− pi
2
12
)]
(102)
D˜Q2Q0Z0 =
√
2(±1
2
g2cW − 16g1sW)
64pi2
[
g23(4− pi2) + g22
(
9
4
− 9pi
2
16
)
+ g21
(
1
12
− pi
2
48
)]
±
√
2g32cW
128pi2
(−14 + 2pi2) (103)
D˜T2tL0Z0/D˜B2bL0Z0 =
√
2(±1
2
g2cW − 16g1sW)
64pi2
[
g23(4− pi2) + g22
(
9
4
− 9pi
2
16
)
+ g21
(
1
12
− pi
2
48
)]
±
√
2g32cW
128pi2
(−14 + 2pi2)
+
√
2h2t
64pi2
[
±g2cW
2
(
3− pi
2
4
)
− g1sW
6
(
−13 + 7pi
2
4
)]
(104)
D˜Q2Q0γ0 =
√
2(±1
2
g2sW +
1
6
g1cW)
64pi2
[
g23(4− pi2) + g22
(
9
4
− 9pi
2
16
)
+ g21
(
1
12
− pi
2
48
)]
±
√
2g32sW
128pi2
(−14 + 2pi2) (105)
D˜T2tL0γ0/D˜B2bL0γ0 =
√
2(±1
2
g2sW +
1
6
g1cW)
64pi2
[
g23(4− pi2) + g22
(
9
4
− 9pi
2
16
)
+ g21
(
1
12
− pi
2
48
)]
±
√
2g32sW
128pi2
(−14 + 2pi2)
+
√
2h2t
64pi2
[
±g2sW
2
(
3− pi
2
4
)
+
g1cW
6
(
−13 + 7pi
2
4
)]
(106)
34
− 1
sW
D˜u2u0Z0 =
1
cW
D˜u2u0γ0 =
√
2g1
96pi2
[
g23(4− pi2) + g21
(
4
3
− pi
2
3
)]
(107)
− 1
sW
D˜t2tR0Z0 =
1
cW
D˜t2tR0γ0 =
√
2g1
96pi2
[
g23(4− pi2) + g21
(
4
3
− pi
2
3
)
+ h2t
(
−pi
2
4
)]
(108)
− 1
sW
D˜d2d0Z0 =
1
cW
D˜d2d0γ0 = −
√
2g1
192pi2
[
g23(4− pi2) + g21
(
1
3
− pi
2
12
)]
(109)
D˜L2L0Z0 =
√
2(±1
2
g2cW +
1
2
g1sW)
64pi2
[
g22
(
9
4
− 9pi
2
16
)
+ g21
(
3
4
− 3pi
2
16
)]
±
√
2g32cW
128pi2
(−14 + 2pi2) (110)
D˜L2L0γ0 =
√
2(±1
2
g2sW − 12g1cW)
64pi2
[
g22
(
9
4
− 9pi
2
16
)
+ g21
(
3
4
− 3pi
2
16
)]
±
√
2g32sW
128pi2
(−14 + 2pi2) (111)
− 1
sW
D˜e2e0Z0 =
1
cW
D˜e2e0γ0 = −
√
2g31
64pi2
(
3− 3pi
2
4
)
(112)
In eqs. (103) ff., the ± signs indicate the upper/lower entry of a fermion doublet.
V µ,a2 (p)–V
ν,b
0 (k1)–V
ρ,c
0 (k2) coupling:
fabc
{[
gµν(p− k1)ρ + gνρ(k1 − k2)µ + gρµ(k2 − p)ν
]
CV2V0V0
+
[−gµνk1,ρ + gρµk2,ν]DV2V0V0 + gνρ(k1 − k2)µEV2V0V0} [all momenta incoming]
CG2G0G0 =
3
√
2g33
64pi2
(
−157
9
+
7pi2
6
)
(113)
DG2G0G0 =
3
√
2g33
64pi2
(
91
6
− pi2
)
(114)
EG2G0G0 =
3
√
2g33
64pi2
(
38
3
− 3pi
2
4
)
(115)
CZ2W+0 W
−
0
=
1
cW
CW−2 W
+
0 Z0
= − 1
sW
CW−2 W
+
0 γ0
=
i
√
2g32
64pi2
(
−316
9
+
85pi2
36
)
(116)
DZ2W+0 W
−
0
=
1
cW
DW−2 W
+
0 Z0
= − 1
sW
DW−2 W
+
0 γ0
=
i
√
2g32
64pi2
(
92
3
− 49pi
2
24
)
(117)
EZ2W+0 W
−
0
=
1
cW
EW−2 W
+
0 Z0
= − 1
sW
EW−2 W
+
0 γ0
=
i
√
2g32
64pi2
(
38
3
− 3pi
2
4
)
(118)
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